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The formation of a nanoicosahedral phase in the diameter range below 20 nm from the melt-spun
Zr70Pd70 binary glassy alloy was confirmed, and the kinetics of the precipitation upon isothermal
annealing in the supercooled liquid region was examined by differential scanning calorimetry.
Based on the kinetic analysis, it is clarified that the precipitation in the supercooled liquid region
takes place by a diffusion-controlled growth with increasing nucleation rate. The Arrhenius plot
between effective time lag,t, of nucleation and isothermal annealing temperature yields a single
linear relation, in which the activation energy for nucleation is evaluated to be 267 kJ mol21. The
activation energy in the present alloy is much lower than that of the Zr65Al7.5Ni10Cu7.5Pd10 alloy,
which is due to the difference in the magnitude as well as the number of atoms for the
rearrangements in the nucleation stage. It is concluded that the formation of a nanoscale icosahedral
quasicrystalline phase is attributed to the transformation mode of an increase of nucleation rate,
which is different from that of Zr65Al7.5Ni10Cu7.5Ag10 quasicrystal arising from an interfacial
controlled growth with a steady-state nucleation rate. The formation of a nanoicosahedral phase in
the Zr70Pd30 binary glassy alloy implies the existence of the icosahedral short-range order in the






































maRecently, it was reported that a nanoicosahedral qua
rystalline phase as a primary precipitation phase from
amorphous state is formed over a wide annealing temp
ture range in the Zr–Al–Ni–Cu–M,1,2 Zr–Al–Ni–M,3 Zr–
Ni–M ~M5Ag, Pd, Au, or Pt!,4 and Zr–TM–Pd~TM5Fe,
Ni, Co, or Cu!5 glassy alloys. It gives a unique opportunity
clarify the kinetics6,7 and mechanism for the transformatio
from amorphous to icosahedral phase and the struct
correlation8 between the amorphous and icosahedral pha
These results suggest that two kinds of atomic pairs
Zr–TM and Zr–M with strongly negative heats of mixin
contribute to the stabilization of a glassy state and the
mation of an icosahedral phase by the restraint of the lo
range rearrangements of constitutional atoms. Very rece
we have found the formation of an icosahedral phase a
primary phase during crystallization even in the Zr70Pd30 bi-
nary glassy alloy.9 It is clarified that the Zr–M pair is a
dominant factor for the formation of the icosahedral pha
and the Zr–TM pair stabilizes the icosahedral phase. Th
results also suggest that an icosahedral short-range orde
ists in the liquid state of the Zr–noble metal-based allo
This communication is intended to present the transform
tion kinetics of the icosahedral phase in the isothermal p
cipitation from the supercooled liquid by differential sca
ning calorimetry~DSC! in the Zr70Pd30 binary glassy alloy.
The ribbon sample with a cross section of 0.0331 mm2
was produced by melt spinning from a Zr70Pd30 arc-melted
a!Author to whom correspondence should be addressed; electronic
jsaida@sendai.jst.go.jp6080021-8979/2000/88(10)/6081/3/$17.00
















alloy ingot in an argon atmosphere. Thermal properties w
measured by DSC at a heating rate of 0.67 K s1. The struc-
ture of annealed sample was examined by field-emiss
transmission electron microscopy~TEM! with an accelerat-
ing voltage of 300 kV~JEOL JEM-3000F!. Isothermal crys-
tallization was performed in DSC in the temperature ran
from 700 to 715 K. The heating to the isothermal tempe
ture was performed at a high rate of 1.67 K s21 preventing a
thermal influence during heating.
The oxygen content of the as-quenched Zr70Pd30 ribbon
is below 100 ppm mass %, where the influence of oxyg
impurity on the transformation behavior can be ignored10
Figure 1 shows a DSC curve of the melt-spun Zr70Pd30
glassy alloy. The glass transition is clearly observed in
curve and its onset temperatureTg is determined to be 700
K. The crystallization temperatureTx corresponding to the
onset temperature of the first exothermic peak is 723 K. I
found that the first exothermic peak corresponds to the p
cipitation of the icosahedral phase from the glassy state
the second one is denoted by the transformation from
icosahedral phase to the Zr2Pd phase.
9 Figure 2 shows the
bright-field TEM image~a!, selected-area electron diffractio
pattern taken from the region of 1mm in diameter~b!, and
nanobeam diffraction patterns~c!–~e! of the Zr70Pd30 alloy
annealed at 740 K for 120 s, where the sample is subjecte
the transformation due to the first exothermic peak. Very fi
particles in the diameter range below 20 nm are seen ove
whole area and they are distributed homogeneously.
selected-area diffraction pattern is identified as an icosa
dral structure. The nanobeam diffraction patterns with
il:1 © 2000 American Institute of Physics





























6082 J. Appl. Phys., Vol. 88, No. 10, 15 November 2000 Saida, Matsushita, and Inouebeam diameter of approximately 2.4 nm taken from the p
cipitation particles reveal the five-, three- and twofold sy
metries which can be identified as an icosahedral struct
Since no diffraction patterns corresponding to the other c
talline phases are seen, it is concluded that a mostly si
icosahedral phase is formed in the first exothermic react
In order to examine the transformation kinetics from t
glassy to icosahedral phase, isothermal annealing was
formed at different temperatures in the supercooled liq
state. Typical DSC thermograms due to the transformatio
the icosahedral phase at different temperatures for
Zr70Pd30 glassy alloy are shown in Fig. 3. As shown in Fi
1, the exothermic peaks due to the glassy to icosahe
phase and the icosahedral to crystalline phase can be s
rated clearly in the glass. Therefore, the single exother
peak shown in Fig. 3 results from only the transformation
glass to the icosahedral phase. The kinetics of the struc
FIG. 1. DSC curve of the melt-spun Zr70Pd30 binary glassy alloy.
FIG. 2. Bright-field TEM image~a!, selected-area electron diffraction pa
tern ~b!, and nanobeam diffraction patterns~c!–~e! of the Zr70Pd30 binary
glassy alloy annealed at 740 K for 120 s. The beam diameter for nanob















transition are analyzed in the framework of the Johnso
Mehl–Avrami ~JMA! equation, which is described a
follows:11,12
ln@2 ln~12y!#5k1n ln~ ta!,
wherey is the volume fraction transformed,k is a tempera-
turedependent kinetic parameter,ta is an isothermal anneal
ing time andn is the Avrami exponent. The JMA plots of th
Zr70Pd30 glassy alloy and the temperature dependence on
are shown in Fig. 4, where the data at the transforma
ratiosy ranging from 0.2 to 0.8 are used. Then value is in
the range from 2.9 to 3.5 aboveTg and can be approximate
as 3.0. It has been reported that then value is about 3.0 for
the precipitation of the icosahedral phase in the superco
liquid region of the Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy,
13
m
FIG. 3. Isothermal thermograms due to the transformation of glassy to
sicrystalline phase in the temperature range of 700–715 K for the Zr70Pd30
glassy alloy.
FIG. 4. JMA plots in the temperature range of 700–715 K of the Zr70Pd30


































































6083J. Appl. Phys., Vol. 88, No. 10, 15 November 2000 Saida, Matsushita, and Inouewhich is in agreement with that of the present study. It in
cates that the nucleation rate increases with a diffusion c
trolled growth during the transformation. The transformati
mode in the present alloy is also different from that of t
Zr65Al7.5Ni10Cu7.5Ag10 glassy alloy, where the transforma
tion proceeds through the interfacial controlled growth w
a steady state nucleation rate.6 The authors have clarified tha
the nucleation rate of the icosahedral phase in
Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy is 10
4 times higher than
that of the Zr2Ni phase in the Zr65Al7.5Ni10Cu17.5 glassy
alloy.13 The significant increase in the nucleation rate of
primary phase by addition of the Pd element probably res
from the formation of the short-range order consisting of
Zr–Pd pair. It is also clarified that the grain growth ra
decreases with addition of the Pd element. The formation
the icosahedral phase with nanometer scale is attribute
the increase of the nucleation rate and the decrease o
grain growth rate during the transformation. Figure 5 sho
the Arrhenius plot of the incubation period or effective tim
lag t for the precipitation of the icosahedral phase as a fu
tion of isothermal annealing temperatureTa in the Zr70Pd30
glassy alloy. The incubation period is evaluated from Fig
The distinct linear relation is seen through the data po
and the slope of the curve givesQ/R, whereQ is the activa-
tion energy for nucleation andR is a gas constant. The ca
culated activation energy for nucleation is 267 kJ mol21 in
the supercooled liquid region. This value is much sma
than that~375 kJ mol21) in the Zr65Al7.5Ni10Cu7.5Pd10 glassy
alloy.13 The difference is attributed to the magnitude as w
as the number of components for rearrangements du
nucleation between the two alloy systems. From the d
obtained by nanobeam energy dispersive x-ray spectros
in the Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy,
13 it is clarified that
the Al and Pd contents remain almost unchanged, but th
and Cu elements are rejected from the icosahedral phas
FIG. 5. Arrhenius plot of effective time lagt as a function of isotherma
temperatureT a for isothermal transformation of glassy to quasicrystalli




















the remaining glassy phase and the Zr element is enriche
the icosahedral phase. The low activation energy in
present alloy is due to the lack of the Ni and Cu eleme
which are necessary for rearrangements for precipitation
the icosahedral phase. Since the activation energy of
kJ mol21 is significantly low for the rearrangements of Z
and/or Pd,14 it is suggested that the precipitation of the ic
sahedral phase proceeds without large scale rearrangem
indicating the existence of an icosahedral short-range or
ing in the glassy state.15,16
In conclusion, the transformation behavior from th
glassy to icosahedral phase is clarified in the Zr70Pd30 binary
glassy alloy. A mostly single icosahedral phase in the dia
eter below 20 nm is formed in the present annealing con
tion. The nucleation kinetics for the precipitation of the ic
sahedral phase from the supercooled liquid state w
directly examined. In the JMA analysis, the Avrami exp
nent n is in the range from 2.9 to 3.5 in the supercool
liquid region. It is presumed that the transformation proce
through the diffusion controlled growth with increasin
nucleation rate, which is a similar transformation mode
that of the Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy. This transfor-
mation kinetic is attributed to the formation of the nanome
scale icosahedral phase. The dependence of effective
lag on isothermal temperature shows a single linear relat
from which the activation energy of 267 kJ mol21 aboveTg
is obtained. This activation energy is much smaller than t
of the Zr65Al7.5Ni10Cu7.5Pd10 glassy alloy. The difference be
tween the two alloy systems seems to originate from
difference in the magnitude as well as the number of ato
for rearrangements in the nucleation stage. The formatio
the nanoscale icosahedral phase and the low activation
ergy for nucleation also suggest that the icosahedral sh
range order exists in the glassy state.
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